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I. INTRODUCTION:

Expression of an inherited disease gene does not always follow a Mendelian
inheritance pattern. Since the turn of the century, it has been observed that the
transmission of certain disease genes from one generation to the next is associated
with an increase in severity of the disease symptoms and/or a decrease in the age of
onset. This clinical phenomenon is called anticipation and was observed with many
inherited diseases, especially the ones involving neurological disorders. However, the
absence of a satisfactory explanation for anticipation at the molecular level resulted in
much controversy in the past over acceptance of this concept.

Advances in molecular genetic analyses of inherited human diseases in which
anticipation has been observed has recently attributed this phenomenon to a new class
of dynamic mutations, characterized by trinucleotide repeat expansions (TREs) in loci
where disease genes have been mapped.

The influence of TREs to cellular function depends on the location of the repeats
relative to the gene and the type of repeats (for review, see Sanjeeva and Housman,
1997, Margolis et al., 1999, Vincent et al., 2000). The molecular consequences of TREs
and the mechanism by which they result in the pathological condition may be quite
diverse. In general however, TREs have been shown to perturb either structure and
function (type | mutations) or expression (type Il mutations) of the affected gene (for
review see Sanjeeva and Housman, 1997, Margolis et al., 1999, Vincent et al., 2000).
For example, expansion of a (CAG)n-repeat in the coding region of the gene for
Huntington’s disease results in the expression of an altered protein which contains an
expanded polyglutamine region. This in turn leads to altered conformation, processing
and general physical properties of the protein function of the product (Trottier et al.,
1995).

Alternatively, expansions that result in 200-2000 CGG repeats in the &
untranslated region of the Fragile X syndrome (FRAXA) gene results in loss of
expression of FRAXA mRNA (Pieretti et. al., 1991). As the repeat expands with
transmission to the next generation, the CGG repeats become more methylated
reducing transcription of the FRAXA gene. The nature of this dynamic group of
mutations may involve very large amplification of trinucleotide repeats (TNRs) rendering
the sequence unstable during meiosis and resulting in intergenerational instability of the
length of the TNR. It is not known why repeats that exceed a critical value are unstably
transmitted to succeeding generations with a tendency towards expansion of TNRs.

There is however, an unambiguous association between longer expansions at
the disease loci in succeeding generations and earlier clinical manifestation (Sanjeeva
and Housman, 1997, Margolis et al., 1999, Vincent et al., 2000). Anticipation, therefore,
is now commonly accepted as a hallmark of inheritance of an amplified TRE mutation.
Thus far, at least 12 genetic disorders (mostly muscular or neurological) have been
attributed to expansions of TNRs in loci containing the disease gene. These diseases
are characterized as having increasing copy numbers of unstable expanded sequences
in subsequent generations.

One can envision that expansions of TNRs are not restricted to neuro-muscular
disorders, and they probably represent a novel class of dynamic mutations causing
various human diseases. A study by O’'Donovan et al. (1996), provided an intriguing
finding suggesting that repeat expansions have a widespread role in common human




diseases. This study has shown that older, healthy individuals have generally shorter
CAG-repeat lengths than their younger counterparts. The demonstration of increased,
genome wide repeat-copy number with declining age in healthy populations suggests
that dynamic mutation may have an encompassing role in human susceptibility to
disease and that TNR diseases do not display a single major gene inheritance pattern.

Il. STATEMENT OF WORK

Technical Objective 1: Cloning of Gene Sequences with CAG-Repeat Expansion.
(Four parallel cloning procedures will be performed simultaneously using 4 pools each
including DNA mixed from 2 RED positive cases)

Task 1: Months 1-4

Task 2: Months 4-6

Task 3: Months 6-8

Task 4: Months 8-10

Task 5: Months 10-11

Technical Objective 2:

Enrichment by digestion of DNA samples and separation on
agarose gels. Slicing (2-4mm), and extracting DNA from
each slice (approximately 200-400 slices). Apply RED
analysis on all slices to locate the fragments with expansion.

Cloning of the DNA into a Zapll system, electroporation into
E.Coli, and amplification of the bacteria. Secondary
enrichment by pooling: Plating the bacteria, pooling and
amplification of pools. Extraction of DNA (~100-200) and
RED analysis (~ 100-200).

Transformation of RED positive DNA into E.Coli CJ236
strain and generation of ssDNA. Isolation of ssDNA and
production of dsDNA containing only CAG inserts CAG-
probes and the primer extension method. Electroporation
into E.Coli, amplification, and plating. Selection and
amplification of individual clones(~100-200) and subsequent
extraction of DNA.

RED analysis of the DNA extracted from individual clones
(~100-200). Sequencing of inserts from RED positive clones.
Identification of clones with large repeat sequences.

Designing PCR primers for every sequence with large CAG-
repeats identified through cloning. Screening of all the cases
originally detected to have the CAG-repeat expansion
(detected by RED) by PCR and sequencing.

ldentification and Characterization of Gene(s) containing

or Flanking Expanded CAG-Repeats

Task 1: Months 11-12

Designing PCR protocols for sequences that have large
CAG-repeats through cloning and optimization of their
detection. Sequencing of a small panel of control specimens
to identify repeats with varying sizes to be used as size
controls on microsatellite gels.




Task 2: Months 12-17 Microsatellite analysis of 100 control specimens for every
repeat cloned to determine allelic frequency of each repeat.
It is expected than several regions containing large CAG-
repeats will be identified from cloning of RED positive DNA
from 8 breast cancer cases.

Task 3: Months 17-22 Extraction of sequence data using different sequence
database sources including GenBank, EST and STS.
Synthesizing disparate pieces of information to find longer
sequence data (or patterns). Mapping of CAG repeats using
public genetic map resources, and identifying other genes
around the CAG-repeat. Locating exact positions of CAG
repeats relative to the structure of genes identified.

Task 4: Months 20-24 Obtaining sequence data from databases and interpreting
this information utilizing extensive literature searches. If
necessary, wet lab work will be carried out to clarify the
position of CAG-repeat in relation to the structure of gene(s)
identified. Searches for information published on the
loci/lgenes found and their associations with breast cancer.
Writing of manuscripts for submission to peer reviewed
journals.

ill. BODY

lllLA. Overview

Our goal is to clone and characterize expanded CAG repeat containing
sequences in breast cancer patients. Such expanded sequences may influence the
function of potential breast cancer predisposition genes. Most of the reported methods
utilized for library construction and cloning of large repeat containing fragments require
the use of a relatively large amount of genomic DNA as starting template (Yuan et al,
2001; Vincent et al, 2000; Koob et al, 1998). Given that patient material is a limited
resource, it was to our interest in developing an efficient cloning strategy for enrichment
with minimum use of starting genomic DNA. The tendency of long TNRs form special
secondary structures reduces the efficiency of cloning fragments and makes the method
cumbersome (Koob et al, 1998, Sanpei et al, 1996). Isolation procedure of TNRs from
genomic DNA has been established and efficiency of the method has been evaluated in
the previous report.

The protocol, which was modified from Inoue et al (1999) and Tozaki et al (2000)
is restricted to three nucleotide substrates and primed by a biotinylated probe.
Sequences containing TNRs are then isolated by a streptavidine biotin trapping method.
Using this method, we had successfully detected the repeat containing fragments, albeit
at a relatively low efficiency (60%). More recently, we applied the microsatellite isolation
with Dynabeads protocol of Travis Glenn and Mandy Schable at the Department of
Biological Sciences, University of South Carolina, a refined version from the method
described by Hamilton et al. (1999). This procedure was found to be more efficient for
our project because it increased the percentage of identifying repeat containing




fragments up to 80%. We modified the Glenn-Schable protocol by increasing the
stringency of the method in an effort to reduce formation of secondary structures in
repeat containing fragments.

{Il.B. Progress

B.1. Development of Repeat-Sequence Cloning Methodology

B.1.a. Various Cloning Methods Evaluated

Isolation of TNRs from breast cancer patient samples involved application of two
protocols. These are the Tozaki et al (2000) and Glenn-Schable (2003) methods. Both
involve enrichments that included hybridization-capture of repeat regions using
biotinylated oligonucleotides with subsequent amplification. The Tozaki et al method
produced sequences with relatively low percentage of repeats while the Glenn-Schable
protocol produced relatively high percentage of sequences with TNRs.

B.1.b. Selection of the Glenn-Schable Protocol

The Glenn-Schable protocol is actually a refined synthesis of previous microsatellite
(MS) isolation methods (e.g. Hamilton et al. 1999) that is characterized by the speed
and ease with which multiple samples are processed. This method relied on cloning kits
that invariably speeded up the process of TNR isolation. Moreover, efficiency of capture

of strands with repeats is increased with two rounds of enrichment with biotinylated
oligonucleotides.

B.1.c. Establishment of the Glenn-Schable Protocol

Genomic DNA was fragmented using multiple enzymes (Rsa | and BsTU 1). The DNA
strands were prepared for amplification by ligating a linker (Super SNX) to each DNA
fragment, which provided the primer-binding site for the subsequent PCR step.
Dynabead enrichment captured amplicons with repeat sequences and washed away all
other fragments. The DNA containing repeats were then amplified. Next, two types of
incorporation were applied to the amplicons using Invitrogen’s TA cloning kits. The first
was insertion of the DNA fragments into a cloning vector. The second involved
transformation of the vector-insert by incorporation into a bacterial host. The bacteria
were plated onto agar and incubated for 12-36h at 37°C. From these plates, isolated
colonies were picked and dipped into LB broth, which was incubated for 6h at 37°C.
DNA in the broth was used for PCR, the product of which was purified with exonuclease
(EXO 1) and shrimp alkaline phosphatase (SAP) prior to sequencing. The resuiting DNA
sequences were analysed in silico. This involved generation of a local database that
included all relevant information about the sequence of each sample.

Optimizations are akin to detours along the route to isolating TNRs in order to
determine the best conditions for amplification of DNA with repeat sequences. This
involved mainly titrations of annealing temperatures (65°C and 72°C) and inclusion of
denaturing agents (DMSO and glycerol) subsequent to the initial enrichment step. This
was done in an effort to reduce formation of secondary structures in the sequence
products.




B.1.d. Comparison to Other Existing Techniques

Other techniques used to isolate MS include those of Koob et al (1998) and Yuan et al
(2001). The method used by Koob ef al involves isolation of expanded TNRs and
corresponding flanking sequences. It is accomplished through a process called RAPID
(Repeat Analysis Pooled Isolation and Detection) cloning in which one, isolated clone is
obtained. The approach of Yuan ef al is based on size-separation of genomic fragments
followed by library hybridization with an oligonucleotide probe. Both methods
incorporate the RED (repeat expansion detection) assay that follows or identifies clones
and fractions with expanded repeats. Both methods require relatively large amounts of
starting DNA material and involve the use of radioactive materials for screening.

B. 2. Application of Cloning Strategy to Breast Cancer

Efficiency of the modified Glenn-Schable protocol in producing high rates of enrichment
for long CAG repeats made it an optimal method to employ. This method was applied
to breast cancer samples that have been identified to contain long CAG repeats using
the RED assay. This was done in the framework of the previous project funded by the
Department of Defence Breast Cancer Research Program (DAMD17-99-1-9302).

In order to increase the sensitivity and efficiency of the method, DNA from six
RED positive breast cancer specimens were pooled and used as template for cloning.
As previously described, DNA fragments obtained from constructed libraries were
amplified prior to sequencing. In order to reduce the number of PCR products to be
sequenced, we excluded those PCR fragments that were less than 400 bp long,
assuming that such fragments are less likely to contain large repeats. The summary of
colony selection and characterization is given in Table 1.

Among the sequenced clones using different methods, 80% of the clones
contained either CAG or CTG repeats. Repeat length in the CAG containing fragments
ranged from 3 to 152. Application of the modified Glenn-Schable protocol increased the
percentage of CAG containing fragments from 67 % to 82% (Table 2).

Table 1. Summary of colony collection, PCR-amplification and sequencing.

Task # Total
Colonies collected, and PCR-amplified 1600
Colonies/PCR-products selected for sequencing 800
Colonies sequenced 800

Table 2. Comparison of CAG content of colonies from protocols used

CAG/CTG content #Glenn-Schable (%)  # others (%) # Total (%)

NO 80 (18%) 22 (33%) 102 (20%)
YES 359 (82 %) 44 (87%) 403 (80%)




Sequences obtained from all clones were blasted against the human genome using the
NCBI service (http://www.ncbi.nim.nih.gov/blast) and/or the human genome blat service
at the University of California at Santa Cruz (http://genome.ucsc.edu/cgi-bin/hgBlat).
The blast results were saved locally in a separate file for each sequence. The
chromosomal location, number of repeats found in the genome databases and names
of genes in the repeat regions were recorded. Almost all clone sequences matched the
real ones in the human genome. In the case of short repeats, most of the number of
repeats in our clones equaled the number of repeats in the genome database. For long
repeat containing clones, the number of repeats in our clones exceeded those in the
genome database.

B.3. Data Analysis and Characterization of Cloned Repeat Sequences

We have mostly finalized the sequencing of the selected 800 colonies. Data analysis at
this stage is performed on less than half of the sequences. As are result of the cloning
strategy we have detected that in approximately 20-30% of the repeats contained
chimeric sequences from two different CAG containing sequences. These are
discovered after performing blast against the human genome sequences, where the
sequence matched to more than one chromosomal location. We suspect that these
sequences appeared during the enrichment step of the cloning process. Secondary
structures formed by repeated sequences lead to the convergence and eventual union
of two fragments at the repeat region and this dramatically increases the repeat length.
Chimer formation has been an insidious and limiting factor in mapping the expanded
CAG repeat sequences. Chimera formation has been also reported by Inoue et al
(1999) to be a limiting factor in the efficiency of cloning large TNR containing
sequences.

Many CAG repeat containing clones were found to be within or in proximity to
known genes (Table 3). Some of these genes were listed in the NCI's Cancer Genome
Anatomy Project  Genetic  Annotation Initiative  web-site (CGAP-GAI:
http://lpgws.nci.nih.gov/html-cgap/cgl/) (Clifford et al, 2000) as cancer related genes
such as TBP and MLL2. CAG repeats in such genes have been reported to be
polymorphic in the literature.

We have selected 116 clones containing CAG repeats (chimeras and other
ambiguous sequences were excluded) and compared their lengths with those found in
matching sequences from the genome databases. In the majority of the colonies (80%)
there were no differences between sequence lengths of our clones and those deposited
in the genome databases. Approximately 20% has shown alterations in CAG repeat
lengths ranging from 1 to 10 CAG units in difference. MINK1 (Misshapen-Like Kinase 1)
(Clone 0103) resembles one of the examples where the altered repeat length has
observed in a CAG ftract within exon 10 of this gene. We have characterized the
involvement of this gene in cancer in the next paragraph. All the other sequences are
studied similarly.

MINK1 (also known as B55; ZC3; MINK; hMINK; MAP4K6; MGC21111;
hMINKbeta) encodes a serine/threonine kinase belonging to the germinal center kinase
(GCK) family. The protein is structurally similar to kinases related to NIK and may
belong to a distinct subfamily of NiK-related kinases within the GCK family. Alternative
splicing occurs in this gene and four transcript variants encoding distinct isoforms have




been identified. MINK1 is found to be located at 17p13.1, which is extremely close to
p53 protein on 17p13.2. As known, this chromosomal region is deleted very frequently
in breast as well as other cancer types. Literature search of this gene, revealed that it
has recently been identified and charachterized (Hu et al, 2004). Hu et al demonstrated
that MINK1 (reported as hMNIKbeta) regulates a wide variety of cellular processes.
They showed evidence of the involvement of this gene in regulating actin cytoskeleton,
cell matrix adhesion, and cell-cell adhesion which leads to changes in cell morphology,
cell migration and cell invasion. They also showed that the kinase inactive mutant of
this gene enhanced cell-cell adhesion and blocked cell migration and cell invasion
suggesting that disturbing MINK1 activity may prevent tumor progression. This study
suggests that MINK1 may have an important role in cancer.

Figure 1: Map of chromosome 17 showing location of MINK 1 gene. Also shown are
comparative sequences between the human genome and clone
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Table 3. Sequence length, repeat expansion pattern and proximity of our clones to
known genes

Rep # Chr Rep #

Clone_ID Pattern (clone) location  (NCBI) Nearest gene
Clone_0240 ctg 3 2 ctg(3) ASXL2
Clone_0092 cag 10 2 (cag)10 LOC442016
Clone_0089 ctg 5 17 (ctg)5 MINK
Clone_0242 ctg 8 12 (ctg) 8 MLL2
Clone_0102 cag 21 X 21 NAP1L3
Clone_0088 cag 8 16 (cag)8 NFATS
Clone_0301 cag 3 2 (cag)3 none
Clone_0101 tgg 3 9 (tgg)3 PAPPA
Clone_0193 ctg 5 13 (ctg)6 KIAA1704
Clone_0095 cag 10 X (cag)11 none
Clone_0320 cag 3 12 (cag)4 none
Clone_0053 agc 4 1 (agc)3 none
Clone_0271 cag 4 20 (cag)3 none
Clone_0280 ctg 5 5 (ctg)6 none
Clone_0241 ctg 7 1 6 none
Clone_0295 cag 9 12 (cag)10 none
Clone_0096 cag 11 4 (cag)10 none
Clone_0098 cag 12 1 (cag)11 none
Clone_0286 ctg 6 3 (ctg)4 none
Clone_0293 ctg 7 3 (ctg)5 none
Clone_0296 cag 5 5 (cag)8 none
Clone_0298 cag 10 1 (cag)7 none
Clone_0200 gect 13 2 (geet)d none
Clone_0103 gct 21 17 (gch)14 MINK

B.3.a. Determining the Allelic Status of the Large Repeat Regions

After identifying and localizing repeat flanking sequences in large (CAG)
containing clones, we designed primer pairs for both sides of the repeats of interest
using the Oligo software. We then screened the panel of patient samples that have
been known to carry expanded CAG repeats (as determined by the RED method). This
strategy enabled us to validate sizes of repeats between RED positive patient and
control samples. In an example presented in Figure 2, there were no significant
differences in length of PCR products between expanded and control samples. This
suggests that large expansions detected by RED were not related to these loci.
However, allelic change of these loci has been observed in one of the breast cancer
patients. Using this procedure, we will continue to study the other candidate repeat
regions suggested by the cloning method.
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Figure 2.  PCR products using primers designed from (CAG)es containing inserts
RED positive and RED negative samples

Red Red Red Red Red Red Red Red Red Red
+ + + + M + - - - -

B.3.b. Microsatellite Screening.

We performed microsatellite screening on detected loci that contain (CAG) repeats in
their sequences using two different approaches. (i) Screening Using ABI
Microsatellite Screening System: PCR primers were designed and optimized for
amplification. PCR-amplification was performed on a panel of samples and the PCR
products were sent to the microsatellite screening facility. The repeat length in each
PCR product was determined and no significant variations between samples were
detected for the screened loci. (ii) Screening Using DHPLC System; We have used
this approach as a rapid way to detect polymorphism in the CAG/CTG containing loci
that have been identified. We used different sets of pooled samples from breast cancer
patients DNA and the other from normal population control DNA as templates for PCR.
PCR products were subjected to DHPLC analysis. This method can detect any variable
PCR product in pooled samples (Figure 3). Initial results did not show any significant
differences between the samples. Other loci are still undergoing screening.
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Figure 3 Chromatogram of DHPLC screening of a CAG/CTG containing locus
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B.4. Systematic Mining for TNR Sequences from Cancer Genes

To fully explore the functional ramifications of the role of TNRs in cancer related genes,
we have screened clones for TREs and systematically analyzed TNRs in coding regions
of these genes using genomic databases and bioinformatic tools. We have
systematically identified TNR sequences in coding regions of 2245 cancer related
genes. We have shown that 95 TNR sequences (6 repeat and up) in 74 genes are
involved in various cancer related pathways. Our results demonstrate that 57% of the
repeats are located in the first exon of the genes studied. Alanine and glutamine repeats
are shown to be most abundant, representing 24% and 16% of the repeats identified,
respectively. Interestingly, 47% of the repeats found in known functional protein
domains, suggest that repeat instability is likely to affect intrinsic properties, structure
and function of proteins. Among the protein functional domains observed, signal peptide
and coiled coil motifs were mostly interrupted by TR sequences. This study provides an
invaluable resource for TR sequences in DNA coding regions of cancer related genes,
and their potential influence on structure and function of the encoded proteins. See
attached manuscript for details. Several of the repeats that have been identified in this
study were also identified during the cloning application to breast cancer patients.

IV. KEY ACCOMPLISHMENTS
1. Development of a TNR cloning strategy that uses small amounts of starting DNA
as a template
2. Modification of existing cloning protocol to enrich cloning of CAG containing
repeats
3. Isolation of polymorphic/expanded repeat sequences in breast cancer patients
and comparison to normal population controlis.

4. Evaluating the contribution of polymorphic repeats within cancer related genes to
breast cancer development
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5. ldentification of polymorphic sequences in pooled breast cancer patients (known
to have expanded repeats) potentially enabling us to identify novel breast cancer
predisposition genes.

6. Discovery of polymorphic CAG repeats within the coding region of MINK1 gene,
which represents a potential candidate for breast cancer risk contributor.

7. Systematic analyses of CAG repeats within the coding region of ~3000 cancer
genes, and characterizing the influence of repeat polymorphism on the structure
and the function of protein domains

8. Comparison of molecular and bioinformatics strategies in identifying CAG repeat

containing genes polymorphisms of which maybe a factor in breast cancer
predisposition.

V. REPORTABLE OUTCOMES

Hamdi Jarjanazi, Hong Li, Irene L. Andrulis, and Hilmi Ozcelik, “Cloning strategy for
trinucleotide repeat expansion: Searching for novel breast cancer predisposition
gene(s)”. Controversies in the etiology, detection and treatment of breast cancer: 2002,
June 13-14, 2002 Toronto, Ontario, Canada (Poster Presentation).

Hamdi Jarjanazi, Hong Li, Irene L. Andrulis, and Hilmi Ozcelik, “Identification of novel
breast cancer predisposition gene(s) with trinucleotide repeat expansions”. The Samuel
Lunenfeld Research Institute Annual Retreat: 2002, October, 9-10 YMCA Geneva Park,
Ontario, Canada (Poster Presentation). .

Hamdi Jarjanazi, Hong Li, Irene L. Andrulis, and Hilmi Ozcelik, “Identification of novel
breast cancer predisposition gene(s) with trinucleotide repeat expansions”. AACR 2003

Annual Meeting: 2002, April 5-9, Toronto, Ontario Canada (Mini-symposium
Presentation).

Hamdi Jarjanazi, Hong Li, Irene L. Andrulis and Hilmi Ozcelik, “Systematic Approach to
Study the Role of Repeat Sequences in Cancer-Related Genes.” (Poster), Proceedings
of the American Association of Cancer Research (AACR) 95" Annual meeting, March
2004, Orlando, FL, USA, (Poster Presentation)

Hamdi Jarjanazi, Hong Li, Irene L. Andrulis, and Hilmi Ozcelik, * Genome Wide
Screening of CAG/CTG Trinucleotide Repeat Lengths in Breast Cancer” (manuscript in
preparation)

Hamdi Jarjanazi, Noe! Pabalan, Hilmi Ozcelik. “Rapid and efficient cloning of long
(CAG) repeat sequences using dynabeads enrichment and DNA Array hybridization
techniques”. (manuscript in preparation)

Hamdi Jarjanazi, Noel Pabalan, Keith Wong, Hilmi Ozcelik, “Systematic Analyses of

Trinucleotide Repeats in the Coding Regions of Cancer Related Genes, and their
Functional Implications”. (manuscript in preparation)
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Jarjanazi et al, The work performed and the results obtained in this project will be
written as a manuscript(s) and will be sent to peer review Journals with an interest in
cancer genetics.

VI. CONCLUSIONS AND FUTURE WORK

We have developed an effective CAG-repeat cloning strategy. This methodology is
applied to breast cancer patient specimens known to carry expanded CAG repeats. We
have constructed a library by sequencing colonies with relatively large PCR products.
Data analysis to date has shown several repeat sequences which show polymorphic
patterns when compared with the NCBI sequences. These repeat containing sequences
are highly likely to influence the intrinsic properties and function of nearby genes.
Currently we are completing data analysis and bioinformatic applications to characterize
genomic structures and nearby genes to repeat sequences. Isolated repeat sequences
with polymorphic patterns may represent candidate breast cancer predisposition genes.
After complete characterization of the repeat sequences, the best candidates will be
selected and their contribution to breast cancer development will be investigated using
large breast cancer and population control specimens. New funding will be sought for
the accomplishment of this future objective
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Abstract

The completion of the human genome project and the availability of enormous number of
bioinformatic databases and tools are valuable resources for systematic analyses of biological
systems. Repetitive trinucleotide repeat (TR) sequences in the DNA coding regions are
abundant in human genome and many have shown to be associated with disease susceptibility.
In this study, we have systematically identified TR sequences in the coding regions of 2245
cancer related genes. We have shown 95 TR sequences (6 repeat and up) in 74 genes involved
in various cancer related pathways. Our results demonstrated that 57% of the repeats are
located in the first exon of the genes studied. Alanine and glutamine repeats are shown to be
most abundant, representing 24% and 16% of the repeats identified, respectively. Interestingly,
47 4% of the repeats found to be located in known functional protein domains, suggesting that
instability of such repeats are likely to affect the intrinsic properties, structure and the function of
the proteins. Among the protein functional domains observed, signal peptide and coiled coill
motifs were mostly interrupted by the TR sequences. This study provides an invaluable resource
for TR sequences in the DNA coding regions of cancer related genes, and their potential

influence on the structure and function of the encoded proteins.




Introduction

About 3 % of the human genome is composed of short tandem repeats (STR), also known as
microsatellites or simple sequence repeats (SSRs)'. Such repeat sequences are highly
polymorphic and are found in the form of mono, di, tri, tetra, penta and hexa- nucleotide
repeats®. Repeat sequences occurring in the coding regions of the DNA are likely to influence
the function of the encoded proteins. Among various types of microsatellites, coding regions of
the genome has shown to contain significantly higher frequency of trinucleotide repeats (TRs)
compared to other repeat classes®. This can be explained by the fact that in-frame alterations in

the repeat lengths of TRs in the coding region are more likely to be tolerated than those of other

repeat classes®.

TRs have been associated with the inheritance of several genetic disorders. To date, at least 30
diseases are linked to trinucleotide repeat expansions (TRE)*®. Most of these TRE loci have
been associated with inherited forms of neurological and neuromuscular disorders, including
Huntington disease, Fragile X syndrome, myotonic dystrophy, and Friedreich ataxia’®. The
mechanisms by which TRE disrupt the function of disease related proteins depend on their
location in relation to the gene sequence. In different disorders, TRE were found to be located in
different parts of disease-associated genes, including the intervening and coding sequences,
and 5 and 3’ untranslated regions. TRE in the coding region results in the alteration of the
amino acid composition of the protein, thereby potentially affecting its structure and function
(Table 1). TRE in the non-coding region may effect the regulation of transcription, and translation

resulting in defective proteins'®.




In TRE associated disorders, the expansion of CAG/CTG repeats has been observed frequently
(Table I). In such diseases, the majority of the CAG/CTG expansions are located in the coding
regions of the corresponding genes. This‘ category of diseases is also known as polyglutamine
diseases’". Recently,. the expansion of alanine tracts, particularly in transcription factor genes,
has been also shown to be associated with several disorders including mental retardation and

malformation of the brain'2.

Microsatellite instability has been also a major focus of research in cancer. Defects in the DNA
mismatch repair mechanism has shown to lead to instability of microsatellite repeats, which has
been associated with multiple sporadic types of tumors, including colorectal, pancreatic, thyroid
and gastric tumors'>", Aithough TRE has been demonstrated extensively in neurodegenerative
and neuromuscular disorders, it may be related to other complex genetic disorders, including
cancer. The role of TR polymorphisms and TRE has not been studied extensively in cancer. In
the present study, using available public databases and biocinformatic tools, we performed
systematic analyses to identify TRs located in the coding regions of cancer related genes and
their potential influence on the structure and function of the encoded proteins. This strategy
provides candidate cancer genes, functions of which may be influenced by the polymorphism of

TRs, and more likely to contribute to development of cancer.

Methods
The total of 2245 cancer related genes involved in 17 different pathways were selected from the
CGAP web site (cgap.nci.nih.gov). The selection was based on genes that have transcript

sequences entries in Ensembl database. The coding sequences of these genes were




downloaded from Ensembl genome database web site (www.ensembl.org) using EnSamrt

Batch data/ sequence retrieval system (www.ensembl.org/EnsMart).

The TRs within the codingyregions of the 2245 cancer related genes were mapped using the
Unix version of Perfect Tandem Repeat Finding Program (PTRF) written by J.R. Collins and it is
available o‘niine at (ncisgi.ncifcrf.gov/~collinsj/Tandem_Repeats/downloads). The PTRF input
file contained coding sequences and their Ensembl transcript ID. The PTRF results were stored
in an output file that contained the Ensembl transcript ID’s, repeat pattern, unit length, number of
repeats and start and end position of each repeat. For further systematic analyses of the
repeats, a local relétional database was created and contained the following tables: 1) Ensembl
data, which contains gene names, Ensembl transcript ID, Locus link ID, Ensembl peptide ID,
GO ID and gene names. 2) CGAP data, which contains gene name, biological pathway
classification and description of each ge}ne. 3) PTRF results, which contains Ensembl transcript
ID, repeat patterns, unit length, number of repeats, repeat start position, repeat stop position

and repeat ID. .

Using the above tables, a summary table containing repeat data, gene name and pathway
information was generated. For TRs with repeat length of six and more, the exact exonic
location of the repeat and the coded amino acid sequence was determined and recorded using
the transcript structure data from Ensembl database. Using the peptide structure data in the
same database, the functional domains where the TR occurs was determined for each repeat
and added to the summary table. We also searched the protein data bank (PDB) at

http://pdbbeta.rcsb.org/ for the availability of 3D structure for the proteins harboring the TR and

the PDB ID was recorded for proteins with available 3D structures. Finally, we performed a




comprehensive Pubmed literature search for each TR to determine whether they have been
studied in the context of their functional effects on the protein and contribution to disease

susceptibility.

Results

We have studied the coding regions of 2245 CGAP genes (cgap.nci.nih.gov) involved in 17
different biological cancer-related pathways for the presence of coding DNA TRs, and identified
83,401 of them ranging from 2 to 27 in repeat length (Figure 1). As expected, TRs with repeat
length of two units were predominant compared to larger repeats. Because small size repeats
exist in large numbers in the genome, we have only focused on TRs that have length of at least
6 units (n=95) for further analysis. For each coding DNA TR, we have also determined the
corresponding number of amino acid repeats in the protein sequences. This has shown that the
length of amino acid repeats in the corresponding protein sequence may vary when compared
o nucleotide repeats in the DNA (Tables Il & V). Table Il shows the distribution and the types of
amino acid residues (cysteine, lysine, threonine, proline, aspartic acid, glycine, histidine,
glutamic acid, serine, leucine, glutamine, and alanine) coded by 95 coding DNA TRs (6 and up)
found in cancer related genes. Among all, alanine was found to be the most abundant amino
acid repeat (n=23, 24%) with a range of 6 to 20 amino acid repeats in length, followed by
glutamine (n=15, 16%) with a range of 6 to 38 amino acid repeats in length. Interestingly, we
have shown that 56 (59%) of the 95 repeats were found/to be located in exon 1, whereas the
rest were found to be distributed between exon 2 to 39 of the corresponding genes (Table Ill).
Interestingly, among immunology genes, 83.3% of the repeats were found to be in exon 1, and
66.7% of all the repeats were alanine. We have also shown that 45 (47.4%) of the repeats occur

in a known protein domain determined by Ensembl (pfam, print or pfscan) (Tables IV & V).




Signal peptide motif (n=10) of the proteins studied was found to be the most frequently
interrupted functional motif in this study, followed by coiled coil motifs (n=8) (Table IV). The 95
TR sequences were observed in genes involved in various cancer pathways including
immunology (33), development (18), transcription (16), tumor suppressor/oncogenes (7), signal
transduction (5), pharmacology (3), cell signaling (1), DNA damage (1), metastasis (1) and
miscellaneous (10) (Table V). Comprehensive PubMed search revealed that only 20 (20%) of

the repeats were previously screened for their polymorphic status and/or repeat expansion at

least in one study.

Discussion

The completion of the human genome project and the availability of enormous number (va
bioinformatic data and tools have provided valuable resources for systematic analyses of
biological systems and their variations. Despite their abundance, repetitive sequences and their
biological function, are among the least studied and understood feature of the human genome.
Many genetic disorders have been associated with variations in the repetitive sequences.
Particularly, neurodegenerative and neuromuscular diseases have been associated with TR
sequences presenting in the genes of the related disorders. These findings suggest that the TR

alterations may be also related to other complex genetic disorders, yet to be studied.

In this study, we have systematically analyzed the abundance of TR sequences in the coding
regions of 2245 cancer related genes, and shown the presence of 95 TRs in 74 genes with a
DNA repeat length of 6 to 27. The corresponding amino acid sequences were ranged from 4 to
38. The change in the range is due to the location of the repeat within the open reading frame of

the protein and the composition of the flanking sequences of the repeats. It is however




interesting to note that the majority of the DNA repeat lengths corresponds to larger amino acid
repeat lengths. Therefore, searching for repeat sequences in protein sequences may reflect a

more accurate representation of the repeat lengths in DNA coding regions.

As shown in various disorders, TRs are susceptible to alterations in length, which may impact
on the intrinsic properties or the function of the mRNA molecules and their encoded proteins.
RNA molecules can form secondary structure elements which may affect many cellular
processes including mRNA stability, transcription, RNA processing and translation. Functionally
important RNA secondary structures can be found in both coding and non-coding regions of
genes. Most of RNA secondary structure studies focused on 3’ and 5’ UTR regions and only few
studies examined the RNA secondary structures in coding regions ?°. Changes in TR lengths in
the coding regions might affect the secondary structure of mMRNA coded by such sequences. In
a recent review, Yeap and coworkers showed that the CAG TR in exon 1 of the Androgen
Receptor (AR) gene forms a stable stem-loop structure in which increasing repeat number
increases the length of the stem preserving the stem-loop motif’’. The study showed that

changes in the stem-loop length affect the AR mRNA stability and its interaction with RNA

binding proteins.

EXpansion of TR sequences within the encoded proteins is well studied in polyglutamine
disorders. While the mechanisms remain unknown, many studies have shown that the
expanded poly-glutamine tracks affect protein stability and solubility and leads to formation of
nuclear inclusions that might contribute to disease®?. A study on the polyglutamine repeat in
the ataxin-2 gene, contributing to spinocerebellar ataxia type 2 (SCA2), showed that the

expansion of the glutamine track alters the Golgi localization, causing cell death?*. Coding TRs




of AR are very well studied examples, indicating the impact of TRs on cancer development. AR
contains two polymorphic repeats in its N-terminal; a poly-giutamine (CAG)n at codon 58 and a
poly-glycine (GGC)n at codon 442. The CAG repeat length ranges from 14-25 whereas the
GGC repeats range from 16-18 in healthy individuals®®. Studies have demonstrated that shorter
CAG and CCG repeats in AR are associated with prostate cancer risk?®®*?°. Another recent study
has shown that the presence of one or two long (CAG)n alleles or a cumulative (CAG)n repeat
size exceeding 42 may be associated with a slight increase in breast cancer risk whereas the

presence of one or two long (GGC)n alleles may be associated with a substantive reduction in

breast cancer risk in young women®°.

In cancer related genes studied, alanine and glutamine repeats were found to be more
abundant and relatively larger in repeat length compared to other amino acid repeats. Alanine
(6-20 repeat length) and glutamine (6-38 repeat length) tracks represented 24% and 16% of all
repeat sequences, respectively (Table IlI). The polymorphic length of glutamine repeats
associated with the disease genes ranged between 4 and 44 in normal population, and 36 to
306 in the disease®*!. Similarly, alanine repeats ranged between 4-18 amino acids in normal,
and 5-29 amino acids in disease population’®. These results demonstrate that the ranges of
glutamine and alanine repeat lengths in our data set are comparable to those associated with
disease. This suggests that such repeats in cancer related genes are susceptible to alterations
and/or expansion through various instability mechanisms, and may represent good candidates
for disease predisposition. None of the other coding repeats (cysteine, lysine, threonine, proline,
aspartic acid, glycine, histidine, glutamic acid, serine, and leucine) were shown to be associated
with any disease to date, but the fact that some are quite large can suggest that they may be

unstable, and thus may play a role in disease susceptibility. The predominance of alanine and




glutamine repeats over other types found in this study is consistent with previous findings by
other researchers. Karlin and coworkers reported that alanine, glutamine, proline and glycine
repeats are more abundant in human genes than other amino acid repeats. They suggested that
high alanine frequency in proteins may reflect on alpha-helix stability and its flexible hydrophobic
properties®. In a screen of 80,000 proteins from the Swiss-Prot Database, Katti and coworkers
found that 14% of proteins contain significant internal repeats and that among the proteins
containing 10 or more amino acid repeats, glutamine, alanine, glycine, glutamic acid, and serine
repeats were much more frequent than other amino acid repeats®. They sugggsted that long
tandem repeats of highly hydrophobic amino acids are probably not favored in proteins and
hydrophilic amino acids, could be tolerated to a considerable extent if they occur in the linker

regions and if they can be easily solvated on surface of the protein.

Interestingly, we have observed that 59% of all the coding repeats are located in the first exon of
the cancer genes studied. Among 15 genes in the immunology category, 83% of the repeats
were in exon 1, and 67% of them consisted of alanine repeats. This interesting observation
suggests a mechanism of action for alanine repeats located in exon 1 of the immunology genes
studied. Huntley and coworkers have found that developmental proteins are also enriched with
alanine repeats, speculating that such repeats allow for protein elongation and functional
specialization of the repeat region via mutation®. Alanine repeats are hydrophobic, therefore,

they tend to occupy internal positions in the protein®.

Theoretically, alteration of the repeat length of poly-amino acid tracks in proteins would
influence their folding patterns and in turn, their native 3-dimensional structure. Interestingly, we

have shown that 45 (47%) of the 95 repeats occurred in a known protein domain determined by
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Ensembl (pfam, print or pfscan) (Table IV & V). These repeats, in polymorphic state, are likely
to alter the properties of such functional units, which may result in the alterations of the intrinsic
properties and the function of the proteins. Unfortunately, to date X-ray structure has not yet
been resolved for any polymorphic poly-glutamine track containing protein, hence the effect of
repeat length alterations on the 3-dimensional structure of the polyglutamine containing proteins

remains to be elucidated®.

In our study, 10 out of 45 (22%) of the repeat sequences were found to be located within signal
peptide motifs and 9 of them (90%) consisted of leucine tracks. These repeats are likely to alter
the signal sequences, affecting the translocation of the genes within the cell. Leucine repeats
are common in signal peptide sequences near the amino terminus of membrane and
extracellular proteins. Unlike other aliphatic and ‘aromatic residues in the human genome,
leucine runs are more common. The prominence of leucine among protein sequences reflects
its important role in hydrophobic cores in transmembrane segments and in signal peptides, and
its prevalence and stability in secondary and tertiary structures. Transmembrane segments of
receptors or extracellular proteins are usually enriched with non-specific hydrophobic runs®.
Our data obtained through screening of the CGAP cancer related genes are in accordance with
these finding. We have found that 11 proteins (12%) contained leucine repéats and 10 of them

occurred within a signal peptide or transmembrane domain.

The second most common functional domain interrupted by repeat sequences was coiled coil
domains (18%). Coiled coil motifs are found in wide variety of proteins with distinct function and
structures and they play role protein oligomerization and in protein-protein interaction. For

example, they are found in transcriptional factors, in structural fibre networks in muscle and the
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cytoskeleton, in the molecular machineries that mediate mitosis, and in certain membrane
associations. Coiled coil regions in proteins range in length from tens to hundreds of

residues®’%,

Conclusion

In the light of the above examples, TRs in coding regions play an important role in
understanding the mdlecular basis of genetic disorders. Among the 95 repeats analyzed in this
study, only 20 (20%) have been studied and all shown to be polymorphic. This supports the fact
that TRs are susceptible to changes in size length. It is also evident from this search that the
significance of repeat sequences on the protein function or disease association have not been
studied extensively. Our analyses showed that 47.4% of these repeats are located in a known
functional protein domain, which suggest that the alterations in repeat lengths may disturb the
function of such proteins. Thus, our systematic analysis of TRs in cancer related genes provides

an invaluable resource for investigators interested in the function and cancer association of

genetic alterations.
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Figure 1: Distribution of DNA repeat number of coding trinucleotide repeats in cancer genes
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Table Il. Number of trinucleotide repeats loci coding for repetitive different amino acids.

Number of . . . . i
TR (n=95) | aa Ei%?ﬁ tri::mge Amino acid (poly) | Amino Acid coded vﬁtshs (c)jci:s'ztaesde
1 6 C Cysteine No
1 4] K Lysine No
1 7 T Threonine No
4 7-11 P Proline No
6 5-8 D Aspartic acid No
7 8-23 G Glycine No
7 6-12 H Histidine No
9 4-27 E Glutamic acid No
10 5-11 S Serine No
11 6-10 L Leucine No
15 6-38 Q Glutamine* Yes
23 6-20 A Alanine* Yes

Table lll: Cancer pathways and the properties of the coding DNA trinucleotide repeats identified

Pathways Repeats Exon 1 Functional A content | Q content
# (%) # (%) Domains # (%)
# (%)
immunology 18 15 (83.3) 9 (50) 12(66.7) 1
Development 33 20 (60.6) 17(51 .5) 6(18.2) 6
Transcription 16 7 (43.85 6(37.5) 2(12.5) 4
Others 28 14 (50%) 13(46.4) 3(10.7) 4
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Table IV:

Functional domains containing polymorphic trinucleotides in cancer genes

Functional Protein No of Frequency Function of the motif & cancer relevance

Domains (n=45) repeats (%)

Signal peptide 10 22.2 Signal peptides indicate a protein that will be secreted

Coiled Coil 8 17.8 Found in a wide variety of proteins. Structurally they are
composed of two or three alpha helices that wind around
each other

Proline-rich 4 9 They either structural proteins or metal-binding proteins.
They can also bind DNA.

AR 3 7 It has 3 functional and structural domains: an N-terminal
(modulatory) domain; a DNA binding domain and a
hormone binding domain. -

NLS_BP 2 4 A frequent hit producer. In the absence of other
evidence , a match to this entry should only be taken as
a weak indication of nuclear localization.

Granin 2 4 Acidic proteins present in the secretory granules of
endocrine and neuro-endocrine cells. Granins may be
precursors of biologically-active peptides, or they may be
helper proteins in the packaging of peptide hormones
and neuropeptides - their precise role is unclear.

Antifreeze 2 4 Type I AFPs are Ala-rich, amphiphilic, alpha-helical
proteins

Others 14 31 -
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Table V: Trinucleotide repeats in cancer related genes

DNA DNA Amino Amino

Gene Pathway Repeat Repeat # Acid Acid # Exon Protein Domains
Rhodopsin like G-protein-coupled
ADRA2B Immunology agg 6 E 9 2 receptors (GPCR)
ALPP Immunology gct 7 L 7 1 Signal peptide
APOB immunology ctg 6 L 6 1 Transmembrane / Signal peptide
APP Immunology cac 7 T 7 6 -
AR Immunology gcg 17 G 23 1 -
AR Immunology cag 6 Q 6 1 Androgen receptor
AR Immunology cag 23 Q 23 1 Androgen receptor / Coiled Coil
ASCLA1 Development cag 12 A 13 1 Coiled Coil
ATBF1 Transcription aac 10 E 15 8 Coiled Call
ATBF1 Transcription gcg 8 G 14 9 -
ATBF1 Transcription agce 7 Q 8 10 -
ATRN Immunology cgg 6 A 7 1 -
ATRN Immunology cig 6 L 8 1 -
AXIN2 Development cca 6 H 6 5 -
BLMH Pharmacology cgce 9 P 9 1 Proline rich
Transforming growth factor beta
BMP6 Development gca 7 Q 6 1 (TGFb), N-terminal
Tumor
Suppressor/Oncoge
CBL nes acc 7 H 7 1 -
Tumor
Suppressor/Oncoge
CBL nes tga 6 D 5 9 -
CBX4 Immunology acc 11 H 12 3 -
CENPB Immunology gag E 27 1 Coiled Coil
CHD4 Transcription gga 7 E 6 3 -
Bipartite nuclear localization signal
CHD4 Transcription aga 6 K 6 3 (NLS_BP)
Tumor
Suppressor/Oncoge
CHES1 nes fce 6 S 6 7 -
CHGA Immunology agg 8 E 9 6 Granin
CHGA . Immunology agg 6 E 8 7 Granin
CTNND2  Signal transduction cge 6 A 6 7 -
CTNND2  Signal transduction  gcc 8 P 7 7 Proline rich
DDX10 Immunology gat 8 D 8 17 -
EGR1 Transcription agc 6 S 6 1 -
EGR2 Immunology ccg 6 A 10 2 -
EN1 Development gcg 6 A 6 1 Antifreeze 1
EOMES Development ccg 7 A 14 1 Antifreeze 1
EPHB6  Signal fransduction  ctc 8 S 11 4 Ephrin receptor
FGF10 Miscellaneous ctg 6 C 6 1 Transmembrane /Signal peptide
FGFR1 Signal transduction atg 6 D 7 5 -
FUS Miscellaneous gcg 6 G 10 6 -
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14

GAS6 Immunology ctg 6 L 6 1 signal peptide
GATA-type transcription activator, N-
GATA6 Miscellaneous cca 10 H 10 1 terminal (GATA-N)
GSPT1 Immunology gcg 10 G 11 1 -
HD Immunology cgce 7 P 11 1 Proline rich
HD Immunology agc 19 Q 21 1 Coiled Coil
HGFAC Miscellaneous tgc 6 L 10 1 Transmembrane / signal peptide
Orphan nuclear receptor, NOR1
HLXB9 Development ccg 9 A 14 1 type
HLXB9 Development gcg 6 G 1 Eggshell
HOXA1 Development cac 8 H 1 -
HOXA13 Development ccg 6 A 18 1 -
HOXA13 Development ccg 6 A 2 -
HOXA2 Development ccg 6 A 6 1 -
HOXD11 Development cgg 6 A 13 1 -
HOXD8 Immunology cgg 6 A 9 1 -
ID4 Transcription cgg 6 A 10 1 -
IL16 Immunology cte 6 S 6 1 -
IL9R Immunology gca 8 S 8 9 -
IRS1 Immunology gca 7 Q 6 1 -
IRS1 Immunology agc 7 S 7 5'utr, 1 .-
Integrins alpha chain /
ITGAL Metastasis ctg 6 L 6 30 Transmembrane
Tumor JNK MAP kinase
Suppressor/Oncoge
JUND nes ccg A 10 1
KCNN3 Pharmacology gca Q 12 1 ' Proline rich
KCNN3 Pharmacology agc 14 Q 14 1 -
LAF4 Transcription cag 7 S 7 12 AF-4 proto-oncoprotein
Tumor Maf transcription factor (TF Maf)
Suppressor/Oncoge
MAF nes gcg 8 G 14 1
Tumor
Suppressor/Oncoge
MAF nes cca 6 H 6 1 -
MLL2 Miscellaneous agc 7 Q 7 39 Coiled Coil
MLL2 Miscellaneous cag 7 Q 11 39 Coiled Call
MLLT1 Miscellaneous ctc 6 S 5 6 -
MLLT4 Miscellaneous agg 6 E 4 28 -
MOG Immunology cct 7 L 6 1 Transmembrane/Signal peptide
MSH4 DNA damage gca 6 S 6 1 -
Tumor
Suppressor/Oncoge
NOTCH4 nes tac 9 L 10 1 Signal peptide
NPM1  Signal transduction  atg 6 D 6 Nucleoplasmin
NUCB1 Immunology gca 7 Q 11 -
PAPPA Immunology gce 7 A 2 -
POU3F1 Transcription cgag 8 A 11 1 -
POU3F1 Transcription acc 6 H 6 1 -
POU3F2 Transcription gge 6 G 21 1 -
POU3F2 Transcription age 6 Q 21 1 Coiled Coll
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PPP3CA cell signaling cgg 9 A 9 1 -
PVRL1 Immunology agg 8 E 8 6 -
PVRL2 Immunology ctg 6 L 7 1 Signal peptide
PVRL2 Immunology agyg 6 E 5 9 -
QSCN6 Miscellaneous ctg 6 L 6 1 Signal peptide
RXRB immunology cgg 6 A 7 1 -
SATB1 Transcription agc 7 Q 15 11 -
SMARCA2 Transcription agce 13 Q 24 3 Coiled Coll
SMARCC2 Development ctc 6 P 7 27 Proline rich extensin signature
SOX1 Development gcg 6 A 8 1 -
SOX1 Development gcg 8 A 9 1 -
TBP Immunology agce 27 Q 38 2 CC
TGFBR1 Development acg 9 A 9 1 Activin receptor / transmembrane
TNFAIP2 Immunology gcg 6 A 6 2 -
TOP2B Transcription gat 6 D 6 31 -
TSC1 Miscellaneous cag 6 S 6 23 -
WNT6 Development ctg 6 L 7 1 Transmembrane / Signal peptide
ZiC3 Development gcec 9 A 9 1 -
ZNF6 Transcription atg 8 D 6 4  Zix/ Zfy transcription activation region
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